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Abstract: Fiber-reinforced calcareous sands manifest unique properties of increased shear strength 11 
and particle breakage. These features are of practical importance for some offshore engineering 12 
constructions because the strength improvement and efficient dense compaction of soils are both 13 
important. This paper presents the experimental evaluations on the characteristics of shear strength 14 
and particle breakage of fiber-reinforced calcareous sands by direct shear and ring shear tests with 15 
different vertical loading stress, fiber content and fiber length. In the tests, the mixture of fiber and 16 
sands can make the specimen a spatially interlocked and unitary coherent network, with efficient 17 
stress transmission. In addition, the overall deformation of sand specimen would increase with the 18 
fiber content due to low stiffness of fiber elements. Thus, in direct shear tests, the secant elastic 19 
modulus decreased, while the shear strength increased with the fiber content. The contribution of 20 
fiber elements to the shear strength of sand specimen came mainly from the friction and tension forces 21 
exerted when they were deformed. These two types of force could mobilize the additional shear 22 
resistance of sands, and thus increase the overall shear strength of the sample. In ring shear tests, the 23 
breakage intensity of calcareous sands increased with the vertical loading stress, fiber content and 24 
fiber length. At low fiber content and length, the inter-particle contacts and interlocking effects 25 
influenced the shear strength and particle breakage significantly, while at higher fiber content, the 26 
role of fiber friction and tension forces became dominant. 27 
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Randomly distributed short fiber elements have been widely used for soil reinforcement due to 31 
their tension-resisting properties to improve soil strength with simple engineering practices (Maher 32 
and Gray, 1990, Yetimoglu and Salbas, 2003). The inclusion of fibers into soils can to some extent 33 
mimics the plant roots which improves the strength and stability of soil (Diambra et al., 2010). In 34 
some engineering projects, the fiber-reinforced soils can be used to stabilize slopes, strengthen 35 
foundations and footings. As stated by Maher and Gray (1990), the fibers can effectively interlock 36 
soil particles as a spatially three-dimensional unitary and coherent matrix and thus restrict their 37 
displacements. When relative shear displacement occurs within the compacted soil sample, the sand 38 
particles would compress and abrade the fiber surface, leading to plastic tensile deformation of the 39 
fiber elements. The tensile force would in turn act on the sand particles, resisting their shear 40 
deformations (e.g. particle rearrangements). The reinforcement efficiency of fiber depends on the 41 
particle size / shape, gradation and soil dry density, as well as the fiber properties (e.g. strength, 42 
modulus, roughness, length and content) (Santoni et al., 2001, Yetimoglu and Salbas, 2003). To 43 
guarantee good performance, the fiber elements should also be long and frictional enough to prevent 44 
pull-out under shear deformations (Maher and Gray, 1990). 45 
As stated in Tang et al. (2016), the interfacial interactions between fiber surface and soil particles 46 
would contribute to the shear strength of fiber-reinforced soil, which depends heavily on the soil 47 
compaction and shear deformation. Fibers with high surface roughness can lead to efficient 48 
mechanical interlocking and load transferring between sand particles. This effect of strength 49 
reinforcement becomes increasingly evident for soils with high dry density and fiber content (Consoli 50 
et al., 2011). Yetimoglu and Salbas (2003) investigated the shear strength of fiber-reinforced sands 51 
by direct shear tests. They concluded that the fiber content has a negligible influence on the peak 52 
strength and initial stiffness of sands. However, the fiber reinforcement can effectively reduce the soil 53 
brittleness, such that the loss of post-peak shear strength can also be reduced effectively, or 54 
equivalently the increase of residual strength (Consoli et al., 2009, Salah et al., 2010). Diambra et al. 55 
(2010) tested the mechanical behaviour of fiber-reinforced quartzitic sands by triaxial compression 56 
and extension experiments. They stated that the sample preparation procedure will inevitably make 57 
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the fiber elements distribute along sub-horizontal orientations, such that the potential weak layers or 58 
localized deformation planes will preferably occur along that direction. By performing ring shear 59 
experiments on glass beads, Jiang et al. (2017) observed that the shear stress has apparent periodic 60 
fluctuations, which reflects the gradual building up and subsequent releasing of shear resistance. In 61 
this process, the particle friction and interlocking can contribute significantly to the granular shear 62 
strength. When particle slippage or breakage occurs, the shear resistance would drop suddenly, which 63 
is accompanied by acoustic energy emissions. Fatahi et al. (2012) discussed the mechanical responses 64 
of soft clays treated with cement and different types of fiber. They concluded that fiber reinforcement 65 
can increase the compressive strength and make the brittle cemented soil more ductile. The use of 66 
carpet and steel fibers can effectively increase the tensile strength, while almost no influence was 67 
found for polypropylene fibers (Fatahi et al., 2013). In these tests, the characteristics of cementation 68 
bond breakage and fiber rupture can be analysed effectively by a non-linear constitutive model, as 69 
reported in Nguyen and Fatahi (2016). 70 
In addition, the inclusion of fibers into soil can also influence the hydraulic properties of soil 71 
significantly. Ibraim et al. (2010) found that the fiber reinforcement inclusions in quartzitic sands can 72 
effectively reduce the potential of soil liquefaction under monotonic loading and the reinforced soil 73 
manifests a strain hardening response. The effective stress paths for tests with different fiber contents 74 
would finally reach a common path. By performing the undrained ring-shear tests on saturated fiber-75 
reinforced sands, Liu et al. (2011) observed that the fiber reinforcement has a great influence on the 76 
undrained shear behaviour of medium dense and dense silica sand samples with a clear increase of 77 
shear strength, but no significant influence on loose samples. In particular, the fiber-reinforcement 78 
can effectively prevent soil liquefaction and the shear resistance fluctuates even after the shear failure 79 
has happened. This effect becomes increasingly evident for samples with high fiber contents. 80 
Estabragh et al. (2014) observed that the fiber reinforcement can effectively reduce the fluid seepage 81 
velocity in silty sands, and thus increase its piping resistance. This effect is closely related to the fiber 82 
content and length. 83 
Most previous studies have investigated the mechanical response of quartzitic sands / clay 84 
reinforced by randomly distributed fibers, while little attention has been given to the highly porous 85 
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and brittle calcareous sands. The unique features of fiber-reinforced calcareous sands are the increase 86 
of shear strength and particle breakages under relatively low external loading stresses. In fact, the 87 
breakage of calcareous sands has been widely observed in offshore engineering projects under certain 88 
stress and strain conditions (Coop et al., 2004, Wu et al., 2014, Yu, 2017), which would sometimes 89 
cause serious problems during pile driving (Wang et al., 2011). According to Oldecop and Alonso 90 
(2007), the crushed sands can be packed efficiently under normal consolidating stresses by filling the 91 
pre-existing voids with fine sand fragments, resulting in densification and settlement of the soil. This 92 
feature has a significant influence on the mechanical response of reinforced calcareous sands, such 93 
as the shear resistance and deformation (Hardin, 1985). As an increasing number of offshore 94 
engineering constructions involve calcareous sands, it is necessary to investigate the mechanical 95 
response and particle breakage characteristics of calcareous sands when fiber reinforcement is used. 96 
In particular, experiments are needed to clarify the potential enhancements of soil shear strength and 97 
particle breakage intensity for the fiber-reinforced soil specimen at large shear deformations, as 98 
presented herein. This paper is organized as follows: firstly, the experimental configurations are given. 99 
Then, the results of the direct shear and ring shear tests are presented, with respect to the 100 
characteristics of shear stress and particle breakage. Thirdly, a detailed discussion of particle 101 
breakages for different experimental conditions are given. The final section gives out a summary of 102 
major conclusions reached in this study.  103 
Experimental Configurations 104 
The experimental investigations include a series of consolidated and drained (CD) direct shear 105 
and ring shear tests, aiming to investigate the shear strength and particle breakage characteristics of 106 
fiber-reinforced calcareous sands. These testing conditions were employed to consider the pile driving 107 
process in highly permeable calcareous soils at relatively low shear speeds. The sand specimens were 108 
sampled from Yongshu Coral Reef, South China Sea (Wang et al., 2011). The chemical composition 109 
of the calcareous sands consists of mainly aragonite (CaCO3, ≈ 68%) and magnesian calcite ((Ca, 110 
Mg)CO3, ≈ 32%). The properties of calcareous sands and polypropylene fibers are listed in Table 1. 111 
In this study, we used a relatively coarse and uniformly graded calcareous sands of diameter [1, 2] 112 
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mm, which were mixed with short polypropylene fibers of various contents and lengths. The 113 
calcareous sands were chosen for a better illustration of particle breakages during the ring shear tests, 114 
because the coarse and uniformly graded sands can be crushed readily under relatively low vertical 115 
loading stress (Bolton et al., 2008). The fiber content (wf) in the reinforced sand specimen is defined 116 
as the generally used one:  117 
 = ff sw m m   (1) 118 
where mf is the mass of polypropylene fibers and ms is the mass of dry calcareous sands. In a series 119 
of sensitivity studies, wf was set as 0%, 0.25%, 0.5%, 0.75% and 1%, respectively. A plan view photo 120 
of the mixture sample of various fiber contents is shown in Fig. 1. 121 
In the direct shear tests, the sample was cylindrical with the radius of 61.8 mm and height of 20 122 
mm, while in the ring shear tests, the sample had dimensions of 150 mm of outer diameter (OD), 100 123 
mm of inner diameter (ID) and 20 mm of height. The ring shear (RS) testing apparatus used in this 124 
study consists of three major parts: ring shear box, loading control system and data acquisition system 125 
as shown in Fig. 2. The sample preparation and testing procedures were set the same as those detailed 126 
in Wei et al. (2018). A brief introduction of the procedures employed for void ratio determination and 127 
sample preparation according to the Chinese Standard of Soil Test Method is given as below. 128 
The maximum void ratio: 129 
1) A fixed mass of 700g dry sands (md) are poured slowly into a 1000 ml glass measuring cylinder 130 
(inner diameter ≥ 6 cm). 131 
2) The upper surface of the sands is scraped gently to flat. Then, the bulk sand volume can be 132 
measured.  133 
3) Repeat the procesures 1) and 2) for several times and record the maximum sand volume (Vmax).  134 
4) The minimum dry sand density (ρdmin) is calculated as min maxd dm V = . The maximum void ratio 135 
is calculate as max min 1w s de G = − , with Gs being the specific gravity of sand particles. In this 136 
study, emax of the loose calcareous sand sample is measured as 1.657.  137 
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The minimum void ratio: 138 
1) A specific mass (m0 = 600~800g) of dry sands are slowly poured into a cylindrical metal 139 
container (inner diamter = 10 cm, height = 12.75 cm). 140 
2) Hit the upper surface of the sands by a driving hammer (1.25 kg; diameter = 5 cm; falling height 141 
= 15 cm) for 30~60 times per minute until the sand volume remain constant. 142 
3) Pour the second and third layer of sands into the container (with the same specific mass (m0) in 143 
each layer), following the same consolidation procedure in 2).  144 
4) Measure the final stable volume of the sample as Vmin and dry sand mass as md.  145 
5) The maxmum dry sand density (ρdmax) is calculated as max mind dm V = . The minimum void ratio 146 
is calculate as 
min max 1w s de G = − . In this study, the emin of the dense calcareous sand sample 147 
is measured as 1.385. 148 
Sample preparation: 149 














= =  − − 
 of sand sample (Dr = 150 
1.05~1.17, measured for sand samples used in this study) and the sample volume, the aimed dry 151 
sand mass (md) can be calculated.  152 
2) Mix the sands with short polypropylene fibers uniformly. Then, the mixed sample is carefully 153 
poured into the container of testing apparaturs (direct shear box or ring shear box). In this process, 154 
a smooth glass rod (6 mm in diameter) is used to tap the upper surface of the sand specimen 155 
gently so that the aimed height can be reached. 156 
3) Distilled water is poured slowly onto the upper surface of the sand specimen, until a fully 157 
saturated state is reached. Then, the loading and shearing systems are installed in place. The 158 
aimed vertical loading stress is applied on the sample until it is fully consolidated. Normally, this 159 
process will take 24 hours.  160 
4) The consolidated specimen will be used for direct shear or ring shear tests. The maximum shear 161 
displacement for the direct shear and ring shear tests are 8.8 mm and 16000 mm, respectively.  162 
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In preparing the sample, there is a limit mass content of fibers mixed in the calcareous sands, so 163 
that below this value, the fiber-sand mixtures can be prepared uniformly (e.g. avoid any sand 164 
segregation). This limit value is closely related to the relative density (or target void ratio) of the 165 
mixture and it may vary widely for different types of sands. According to Diambra et al. (2010), a 166 
fiber mass content of 1% can be reached at the maximum void ratio (e = 1). The mixture of fibers in 167 
sands would increase the tendency of particle segregation, which becomes increasingly evident for 168 
samples with high fiber contents. Thus, the maximum value of wf is set as 1% in the current study. In 169 
addition, the random and uniform distribution of discrete fiber elements within the sands can also 170 
maintain the isotropy of soil strength (Yetimoglu and Salbas, 2003). Thus, in this study, the sand-fiber 171 
mixtures were poured slowly into the testing box in two layers, tamping after each layer to obtain a 172 
uniform distribution of fibers within the sands. A set of fiber lengths, i.e. 3 mm, 6 mm, 9 mm and 12 173 
mm, were used in a series of sensitivity studies.  174 
Results 175 
Direct shear tests 176 
The direct shear tests were employed in this study to evaluate the stress-displacement response 177 
of fiber-reinforced calcareous sands. Fig. 3 (a) presents the shear stress-displacement relationship of 178 
the fiber-calcareous sands mixture under different vertical loading stresses. It can be seen that the 179 
initial tangential stiffness of the fiber-reinforced sands was the same for each test, while the final 180 
stable value of shear strength increased with the vertical loading stress. According to the shear 181 
strength data plotted on Fig. 3 (b), it is straightforward to calculate the typical shear strength 182 
parameters, namely the internal friction angle (φ) of 33.2° and the cohesion (c) of 170 kPa. It should 183 
be noted that the calculated soil cohesion is not a representation of actual internal cohesive forces 184 
between particles, but the interlocking effects of highly angular calcareous sands and intertwined 185 
fiber distributions. For direct shear tests on samples with various fiber contents (see Fig. 4), the initial 186 
sample stiffness and final stable shear stress were the same, while the shear stress at small shear 187 
displacement (≤ 6 mm) decreased with the increasing fiber content. The independence of initial 188 
stiffness on fiber content can match well the observations in Karla Salvagni et al. (2005). This result 189 
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is as expected because at relatively small shear displacement, the contributions of shear resistance 190 
came mainly from the inter-particle friction and interlocking in the vicinity of the points where a sand 191 
particle was in contact with adjacent particles, while the fiber friction and tension were not well 192 
exerted (see the inset plot (a)). Since the number of solid contacts is inversely proportional to the fiber 193 
content, the shear strength would decrease with the fiber content at relatively small shear 194 
deformations. In general, the exertion of fiber strength requires a large relative displacement between 195 
the fiber element and sand particles (see the inset plot (b)). Thus, at large shear displacement (> 6 196 
mm), the shear strength of the fiber-sand mixture with high fiber content increased faster than that of 197 
tests with low fiber content. Due to the relatively short shear displacement occurred in the current 198 
direct shear tests, the final stable shear stress for all the tests can only reach approximately the same 199 
value at a shear displacement of 8 mm. However, the general increasing trend of shear stress with 200 
fiber content indicates that the final stable shear strength of fiber-reinforced sands would increase 201 
with the fiber content if the sample can deform to a larger displacement.  202 
Fig. 5 illustrates that the shear strength of the fiber-calcareous sands mixture increases with the 203 
fiber length. In the test, the shear strength of the sample came mainly from the friction and 204 
interlocking between sand particles, the friction and tension forces of fiber elements. The longer fiber 205 
elements can interact with more sand particles by abrasions than the shorter ones. As a result, the 206 
force transmission within the sample can be more effective and the solid materials can deform more 207 
coherently as a whole during shear deformations. The contribution of fibers to the shear strength of 208 
soil resulted mainly from the fiber distortion (e.g. stretching, slipping, or breaking) during sample 209 
deformations (Maher and Gray, 1990). In this process, the tensile force in fiber can be divided into 210 
the tangential and normal components acting on sands in the shear zone. The normal force component 211 
can increase the confining stresses acting on the shear zone, and thus mobilized the additional shear 212 
resistance. Meanwhile, the tangential force component can directly resist shear displacement. During 213 
the tests, partial slippages of fibers may occur because the fibers and sand particles were interacted 214 
with each other only by friction. Thus, stress fluctuations can be observed in the stress-displacement 215 
curves, particularly for tests with short and high content fibers (see Fig. 4 and Fig. 5).  216 
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Ring shear tests 217 
The ring shear tests were employed in this study to analyze the particle breakage characteristics 218 
of the fiber-reinforced calcareous sands. This approach allows the sand particles to break thoroughly 219 
at large shear deformations (Coop et al., 2004), mimicking the natural and engineering shearing 220 
processes, such as slope failure and pile driving. The intensity of particle breakage can be quantified 221 
by analyzing the particle size distribution (PSD) of the sample after the ring shear tests. As stated by 222 
Zhang et al. (2015), the PSD is a unique characteristic parameter of a soil specimen, determining its 223 
physical and mechanical properties (e.g. particle size and shape, stress-strain behavior). In soil 224 
constitutive modeling, the inclusion of PSD as a variable is necessary for considering particle 225 
breakages and variations of mechanical behavior (Einav, 2007, Muir Wood and Maeda, 2007, Yu, 226 
2017). Thus, the PSD curve can be a good indication of particle breakage intensity by comparing the 227 
percentage of crushed grains finer than the initial particle size grading. In this study, the calcareous 228 
sands in the shear band were carefully retrieved from the shear box after each test. Then, the PSDs of 229 
coarse grains were analyzed via wet-sieving by hand, while fine particles smaller than 0.074 mm were 230 
analyzed by the laser diffraction particle size analyzer.  231 
Fig. 6 illustrates the PSD curves of calcareous sands after the ring shear tests under various 232 
vertical loading stresses. According to the figure, it can be seen that particle breakage occurred during 233 
each test and its intensity increased with the vertical loading stress. During the test, the high vertical 234 
loading stress would consolidate the fiber-sand sample to a dense state with frequent particle contacts 235 
and effective interlocking. This dense state of particle packing would also facilitate the force 236 
transmission and subsequent particle breakages under shear deformations. Thus, the shearing process 237 
can produce a large amount of fine grains with sizes smaller than 0.1 mm.  238 
For tests with different fiber contents, the obtained PSD curves are shown in Fig. 7. In the figure, 239 
the difference between the PSD curves of each test is very small. However, the general trend is that 240 
the percentage of fine grains increased with the fiber content, except for wf =0%. This result is as 241 
expected because the existence of fibers within the calcareous sand sample can transfer particle 242 
interaction forces via abrasion and tension. In addition, the particle interlocking can also act more 243 
effectively as particles were packed closely under the fiber tension forces. Thus, the combined force 244 
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contributions from fiber tension and particle interlocking would increase the shear resistance of the 245 
sand-fiber mixture. This effect was particularly significant for tests with high fiber contents. However, 246 
it is worth noting that the fiber friction and tension forces are only active at relatively large shear 247 
deformations. For tests on pure calcareous sands (wf =0%), the PSD curve after the ring shear test just 248 
lies in the middle of other curves because the particle friction and interlocking also contributed 249 
significantly to sand particle breakages. This result indicates that the addition of fibers into the sand 250 
sample can to some extent curtail the breakage of sand particles, such that the pure sand sample 251 
experienced higher breakage than the fiber-reinforced sands. According to Santos et al. (2010) and 252 
Miranda Pino and Baudet (2015), this is because the energy lost in deforming and breakage of fiber 253 
elements would reduce the energy for crushing particles. However, in Fig. 7, a threshold value of 254 
fiber content (wf = 0.5%) seems to exist, above which the addition of fibers can still lead to higher 255 
sand breakages than the pure sand sample.  256 
The detailed information of crushed particles in the shear band, such as the surface 257 
characteristics and particle arrangements, can be obtained by the Scanning Electron Microscopy 258 
(SEM) images, as shown in Fig. 8. For comparison purpose, the SEM image of a single calcareous 259 
sand particle is also presented in Fig. 8 (f). According to the figure, the intact calcareous sand had an 260 
angular shape, with very rough surface and well-developed small voids. The porous structure was 261 
also fundamental for the calcareous sands to be crushed readily into very fine grains under external 262 
loadings. At low fiber content (wf ≤ 0.25%, Fig. 8 (a) and (b)), the surface of sand specimen was 263 
generally rough, and several coarse grains, cracks and large void space can be clearly identified. 264 
However, for tests of higher fiber contents (≥ 0.5%), the cracks and void space in the surface of sand 265 
specimen decreased gradually with the fiber content, as more fine sands existed to fill up these spaces 266 
(see Fig. 8 (c), (d) and (e)). This phenomenon is as expected because the increase of fiber content can 267 
lead to a more complete particle breakages in the shear band, producing a large number of fines (< 268 
0.074 mm). These fine sands could fill up the void spaces effectively, creating a densely packed 269 
specimen. Meanwhile, the existence of fibers within the specimen would inevitably create a relative 270 
rough surface when sampling the sands from the shear band, as shown in Fig. 8 (d) and (e).  271 
Fig. 9 shows the PSD curves of ring shear tests on calcareous sands reinforced by fibers with 272 
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various lengths. According to the plot, it can be observed that the intensity of particle breakage 273 
increased with the fiber length, indicating that long fibers were more efficient in increasing the shear 274 
stresses within the soil sample. The influence of fiber length on particle breakage characteristics was 275 
very limited for short polypropylene (< 10 mm), such that the PSD curves were almost identical to 276 
that of pure sand specimen.  277 
Discussion 278 
The ring shear tests presented in this study were aimed at investigating the shear behavior (e.g. 279 
mechanical behavior and breakage characteristics) of fiber-reinforced calcareous sands at relatively 280 
large shear deformations. It is apparent that the extent of particle breakage can vary significantly for 281 
different testing conditions, such as vertical loading stress, fiber content and fiber length. Thus, it is 282 
necessary to employ a unique parameter to quantify the particle breakage intensity and relate it to 283 
specific testing conditions employed in this study. Here, the widely accepted relative breakage (Br) 284 
by Hardin (1985) has been adopted in the analyses due to its advantage of representing particle 285 
grading changes as a single simple parameter. The definition of Br is illustrated in Fig. 10 (d), as the 286 
ratio of total particle breakage (area B) to the potential breakage (sum of area A and B) (see also Yu 287 
(2017) and Bowman et al. (2012)). According to the PSD curve of each test (see Fig. 6, Fig. 7 and 288 
Fig. 9), the relative particle breakage of fiber-reinforced sands can be summarized as a function of 289 
the vertical loading stress (σ), the fiber content (wf) and the fiber length (l), as shown in Eq. (2). 290 
 ( ),  ,  r fB f w l=   (2) 291 
Fig. 10 (a) shows that the relative breakage of calcareous sands increased linearly with the 292 
vertical loading stress (σ). For different tests, the increase of σ would compress the fiber-sand mixture 293 
to a dense state, increasing the inter-particle stresses. As a result, the ring shearing process can easily 294 
crush these closely packed and interlocked particles, increasing the value of Br. Fig. 10 (b) illustrates 295 
that the relative breakage of calcareous sands increased with the fiber content, following 296 
approximately an exponential relationship. Under the current testing configuration, the particle 297 
breakage intensity remained relatively small at low fiber content (wf ≤ 0.5%), while it increased 298 
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quickly to a large value at higher fiber contents. This result indicates that the friction and interlocking 299 
effects between sand particles were dominant for particle breakages in tests of low fiber contents, 300 
while the fiber friction and tension were dominant in tests of high fiber contents. Fig. 10 (c) presents 301 
a correlation relationship between Br and fiber length (l). It can be seen that except for the case of l = 302 
9 mm, Br increased linearly with l. The increasing pattern of Br is as expected because long fibers 303 
were more effective at transferring friction and tension forces to the surrounding calcareous sands, 304 
resulting in particle breakages in a relatively large area. However, the relatively low value of Br for l 305 
= 9 mm may result from the scattering error of sample preparation in analyzing particle size 306 
distribution (see also Fig. 9).  307 
Conclusions 308 
This paper presents experimental results of a series of direct shear and ring shear tests on fiber-309 
reinforced calcareous sands of various initial conditions, e.g. loading stress level, fiber content and 310 
fiber length, aiming to investigate the characteristics of stress-displacement evolution and particle 311 
breakages. In the tests, the short polypropylene fibers have been proved effective in reinforcing the 312 
calcareous sands, regarding the increases of shear strength and particle breakage intensity. The main 313 
conclusions can be summarized as follows: 314 
1) The distribution of fibers in calcareous sands made the specimen a spatially interlocked and 315 
unitary coherent granular assembly, with effective contact force transmissions during the 316 
shearing tests. The contribution of fibers in improving the shear strength of calcareous sands 317 
came mainly from the friction and tension forces exerted by fiber elements when external loads 318 
were applied. These froces can effectivley increase the local confining stress on the shear zone 319 
and thus resist shear deformations. 320 
2) The shear strength and particle breakage intensity of calcaresous sands increased with the vertical 321 
loading stress, fiber content and fiber length. At low fiber content and fiber length, the inter-322 
particle friction and interlocking effects were dominant during shear deformations, while at 323 
higher values, the fiber friction and tension forces had a significant influence on the strength and 324 
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Fig. 1. The ring shear test apparatus. (a): shear box fixed on the testing rig; (b) shear box filled with 
calcareous sands; (c) shear box covered by porous stone disc and upper loading plate. ‘s1’: vertical loading 




























Fig. 6. PSD of the calcareous sands in the shear band for tests under different vertical loading stresses 












Fig. 8. SEM images of calcareous sand specimen after the RS tests. Figure (a)-(e) are the results of tests with 
fibre content of 0%, 0.25%, 0.5%, 0.75% and 1%, respectively. Figure (f) is the image of a single calcareous 










Fig. 10. Relative breakage of calcareous sands for tests (a) under different vertical loading stresses (α=0.5%, 
l=9 mm), (b) with various fibre contents (σ = 300 kPa, l=9 mm), and (c) with different fibre lengths ((σ = 300 
kPa, α=0.5%)). The plot (d) illustrates the definition of relative breakage, Br, as the ratio of total particle 
breakage (area B) to the potential breakage (area A+B). 
 
 
Table 1. Properties of calcareous sands and polypropylene fibers. The properties of the 
polypropylene fibers are provided by the manufacturer (Zhengzhou Zhonghui Chemical 
Products Co. LTD, China). 
Properties of calcareous sands 
diameter (mm) density (kg/m3) bulk density (kg/m3) void ratio 
1-2 2790 1030-1170 1.38-1.71 
    
Properties of polypropylene fibers 
diameter (μm) density (kg/m3) 
tensile strength 
(MPa) 
modulus of elasticity 
(GPa) 
31 910 400 3.5 
 
 
